Summary. This essay advances the theory that an unsuspectedly large part of embryonic death is attributable to genetic causes. The genetic factors involved are not necessarily inherited by the parents, indeed the majority probably arise de novo in each parent generation and some are likely to arise in the definitive gametes. The theory seeks to account for the nature of unexplained fertility differences between males, and of idiogenic infertility, and of some of the decline in fertility that is associated with age. It suggests that a considerable part of embryonic death is unavoidable and should be regarded as a normal way of eliminating unfit genotypes in each generation.
INTRODUCTION
Most accounts of embryonic death appear to assume that blame lies entirely with the mother. This belief is so widespread that it has led, I believe, to an unbalanced and unsound approach to the problem of embryonic death and of its significance in reproduction. This paper presents a different point of view with the hope of provoking useful discussion and investigation. It suggests that a considerable part of embryonic death is attributable to the male, or to the mating system, and further that much of this loss is unavoidable and should not be regarded as pathological in any way. It should be said at once that most of what follows about the male contribution to embryonic death, could, with appropriate modification, also be said of the female. The emphasis placed here on the male reflects the author's personal approach to the problem and also serves the useful purpose of illustrating the extent to which the causes of embryonic death may be dissociated from the environment that is provided for the embryo by the female reproductive tract.
FERTILITY IN THE BULL
My interest in the possible influence of the male on embryonic death stems from an investigation of the fertility of bull semen carried out a few years ago (Bishop, Campbell, Hancock & Walton, 1954; Bishop & Hancock, 1955; 384 M. W. H. Bishop Bishop, 1955a, b) . In this investigation, a number of morphological and physiological characteristics of bull semen were examined and the fertility levels of the semen samples investigated were measured by artificial insemina¬ tion trials. The accumulated data were then examined to determine the relation¬ ships between the measurements of the test characteristics and the measure¬ ments of fertility.
From this study, four points emerge which are relevant to the present thesis and provide the original background for the argument. These are:
( 1 ) Although all the bulls examined had been specially selected for artificial insemination service and were of satisfactory fertility for this purpose, there were, nonetheless, significant differences in fertility between them.
(2) Some of the observed differences in semen characteristics were signifi¬ cantly related to the observed differences in fertility (in some instances P<0-001), but in no case was this relationship a close one (i.e. the correlation coefficients were low). At best, only about 23% of the variation in fertility could be accounted for in terms of variation in the test characteristics, and 77% remained unexplained.
(3) There were significant differences in fertility between breeds of bull, but these differences were not related to the semen characteristics examined.
(4) There was evidence of a significant decrease in fertility with age of bull, but the only semen characteristic to which this was related was volume of ejaculate. Older bulls tended to produce ejaculates of larger volume.
The fertility of a bull, or of a semen sample, will be defined for the moment as its ability to procure successful conceptions. In cattle, which normally bear only one young at a time, the success of an insemination can be regarded as an all-or-nothing event and the definition is easy to apply. In the investigation referred to, fertility was measured as the conception ratio at 3 months. This is the proportion of cows, expressed as a percentage of the total inseminated, that are assumed to be pregnant (from records of re-inseminations) 3 months after insemination. The conception ratios at 3 months of bulls in artificial insemina¬ tion service in this country vary from about 55 to 75%. Bulls of lower fertility are quickly eliminated from the studs and bulls of higher fertility do not exist. The frequency distribution curve of the conception ratios of these bulls is markedly skew, with a mode at about 70% (see Walton, 1958) . The conception ratio of a bull must of course be ultimately limited by infertility factors in the cows inseminated and the late Dr Arthur Walton interprets the skew distribu¬ tion of bull conception ratios as evidence that the fertility of any sufficiently large population of cows is about 75%. Walton (1958) (Robinson, 1957; Ogden, 1959; Boyd & Reed, 1961) . Furthermore, Walton's hypothesis appears to offer no explanation for the significant differences in conception ratio that are observed between bulls in artificial insemination service.
There is evidence that a considerable part of the reproductive failure of the 25% of cows that fail to conceive at first insemination is associated with embryonic death. Estimates of the incidence of embryonic death in cattle vary from 15 to 60% according to the source of the material examined, and embry¬ onic death of a similar magnitude appears to be a feature of all other species of mammal, including man, that have been sufficiently investigated (Brambell, 1948; Laing, 1952 Laing, , 1957 Casida, 1953 Casida, , 1956 Roberts, 1956; Robinson, 1957; Hanly, 1961 (Bishop, 1955b) Roberts, 1956 ). There is, however, no reason to believe that disease influenced the fertility of the bulls in our investigation. (Bishop, 1960) .
The recessive lethal gene is in a sense an example of incompatibility between the spermatozoon and the egg and many more complex situations are known in which the lethality of genetic factors are dependent upon the total genie environment (see Hadorn, 1961 (Adams, 1957) and between the rabbit and the cotton tail (Chang & McDonough, 1955 (Lagerlöf, 1950 (Lagerlöf, , 1951 Lagerlöf & Settergren, 1953) , with selection of short legs associated with foetal achondroplasia in Dexter cattle (Crew, 1923) , with selection of heavy body type associated with inviable dwarfism in Hereford cattle (Johnson, Harshfield & McCone, 1950) , and with selection of hornlessness associated with intersexuality in goats (Laor, Barnea, Angel & Soller, 1962) .
LETHAL FACTORS THAT ARISE IN THE SPERMATOGENIC TISSUE
It is important to remember that the word 'genetic' is not synonymous with 'inherited'. The second category of lethal factors, those that arise in the sperm¬ atogenic tissue during the lifetime of the male, is indeed likely to be the most important of the three groups listed above and in all probability the majority of lethal factors carried by spermatozoa belong to this class (see Hadorn, 1961) . These factors may arise spontaneously or be induced by external agencies. In either event they should increase in number with time and could therefore explain the decline in fertility of bulls with age that has already been referred to and has also been observed by other workers (Milk Marketing Board, 1950 (Beatty, 1951 (Beatty, , 1954 (Melander & Knudsen, 1953; Knudsen, 1956) , and abnormal deoxyribonucleic acid content in spermatozoa and spermatogenic cells is associated with infer¬ tility in man and the bull (Leuchtenberger, 1960 (Medical Research Council, 1956 ; National Academy of Sciences, 1956 ). In mice and other small mammals, matings following irradiation of the testis often result in infertility associated with a high incidence of death among embryos and foetuses (see Bishop & Walton, 1960; Hadorn, 1961) . This is caused by changes in the nature and arrangement of the genetic material that do not prevent spermatozoa from fertilizing eggs, but do prevent the successful development of zygotes. Some of the semi-sterility resulting from irradiation is known to be caused by induced translocations which may give rise to either viable or inviable genotypes after meiosis and can be transmitted indefi¬ nitely through successive generations of viable progeny (see Hadorn, 1961 (Falconer, Slizynski & Auerbach, 1952; Bock & Jackson, 1957; Craig, Fox & Jackson, 1958; Cattanach & Edwards, 1958 to a viable embryo is lost before the ability to fertilize an egg and that fertilizing capacity is in turn lost before the capacity for motility. Young (1931) studied the effects of ageing on the fertility of guinea-pig spermatozoa by causing them to be retained within the ductus epididymis for 20 to 25 days before they were used for insemination. As a result of this treatment, the incidence of non-viable embryos increased from 3-6 to 20%. This observation suggests that infrequent mating by a male could itself result in an increased amount of embryonic death. Crew (1926) studied the effects of ageing on the fertility of fowl spermatozoa stored within the female reproductive tract. Female birds, unlike mammals, are able to store the spermatozoa of each mating and use these stores to fertilize successive eggs as they pass through the oviduct. When a new mating occurs, the fresh spermatozoa are prepotent over the old ones. Crew (1926) isolated mated female chickens and examined the development of successive eggs. His observations, which have since been confirmed by Nalbandov & Card (1943) and Dharmarajan (1949) show a progressive increase in the incidence of malformed non-viable embryos with increasing age of the spermatozoa. There appear to be no similar observations in mammals, where, in most species, mating and ovulation are closely approximated by limited periods of oestrus behaviour and spermatozoa survive in the female tract for only a short time.
In human beings and some other primates, however, mating can occur at any point in the female reproductive cycle, and it is conceivable that fertilization with aged spermatozoa could make a significant contribution to embryonic death in these species. The possibility that mutation may arise in spermatozoa during storage in vitro also requires examination. It is well known that the fertility of bull semen stored in vitro at 4°C falls by 2 to 6% per day even though the samples appear to contain an adequate number of apparently normal living spermatozoa. It is also known that this rate of decline in fertility differs signi¬ ficantly between samples from different bulls (Hagelberg, 1952; Cembrowicz, 1952; Campbell, 1953) . It is likely that part of this loss of fertility is associated with an increase in embryonic death and supporting evidence for this has been obtained by Salisbury, Bratton & Foote (1952a, b) , Willett & Ohms (1955) , Dzuik (1959) and Dzuik & Henshaw (1958) .
The experimental induction of lethal mutations in spermatozoa, both in the ductus epididymis and in vitro, has been achieved many times. Snell (1933) , for example, irradiated male mice with up to 800 r of X-rays after ligating the ductuli efferentes. Snell found that the longevity of spermatozoa within the epididymis and the capacity of spermatozoa for motility were little affected by irradiation, but matings from treated males resulted in small litters and heavy embryonic mortality. Bruce & Austin (1956) (Jackson, 1960; Jackson, Fox & Craig, 1961) .
Interest in the effects of ionizing radiations on spermatozoa in vitro was first stimulated by Hertwig's (1911) experiments on the effects of radium emanations on frog spermatozoa. Over the lower part of the dose range, inseminations with treated spermatozoa resulted in an increasing incidence of embryonic death with increasing radiation dosage, but at higher levels this trend was reversed and the incidence of embryonic death declined with increasing dosage. Hertwig explained these remarkable results by postulating that at the lower dose levels the damaged spermatozoon nuclei entered syngamy and produced inviable 392 M. W. H. Bishop embryos, whereas at the higher dose levels the nuclei were so seriously damaged that syngamy was prevented and the activated eggs developed gynogenetically (i.e. without a paternal genetic contribution). The correctness of Hertwig's interpretation has since been confirmed by other workers. Rugh (1939) , for example, observed an increasing proportion of embryonic death with increasing dosage of X-rays until virtually all embryos died at a dose of 10,000 r. At higher doses, the incidence of embryonic death again decreased and, at a dose of 50,000 r, 90% of embryos developed as gynogenetic haploids. Similar observa¬ tions on mammalian spermatozoa show that these too can withstand very high doses of X-rays without any obvious effect on their motility. Insemination with treated spermatozoa again leads to an increasing incidence of embryonic death, but the induction of successful gynogenetic development has not been observed (see Parkes, 1960) .
Treatment of spermatozoa with ultra-violet irradiation also leads to embry¬ onic death and gynogenesis in amphibia and to embryonic death in mammals but ultra-violet radiation is much more lethal to spermatozoa than is X-irradiation and high doses lead to fertilization failure. Various chemicals, such as trypaflavine, toluidine blue and nitrogen mustard produce rather similar effects to those of X-rays (see Parkes, 1960 (Madden, 1960 Hadorn, 1961) . Müller (1954) , for example, estimates that one third of all human gametes carry a mutation that has arisen in the parent generation and that at least 20% of human embryos die as a result of spontaneous mutations. This incidence, as indicated above, can be greatly increased as a result of environmental influences. To a large extent induced mutations can be avoided, but spontaneous mutation is the price one has to pay for maintaining a desirable degree of plasticity in the genetic material. There is also reason to believe that the inherited load of lethal and incompatible factors may be much higher than was formerly believed (see Wallace & Dobzhansky, 1960) . One cause of this is exemplified by recent studies of sicklecell anaemia in human beings (Allison, 1954) . The mutant gene that leads to the synthesis of sickle-cell haemoglobin is lethal in the homozygous state, but in certain environments (malarial areas) the hétérozygote is at an advantage over the homozygous normal. This situation ensures that the sickle-cell gene is maintained at an unexpectedly high frequency in malarial areas. It also leads to the unsuspected realization that an unfit mutation may be fitter than normal in particular environmental situations and sheds light on the probable nature of heterosis and the biological significance of balanced polymorphism. It follows that part of embryonic death is probably a consequence of the necessity of maintaining genie diversity within the population (see Wallace & Dobzhansky, 1960; A. L. Ogden, personal communication, 1963) . This leads to yet a further amendment of our concept of fertility, for if fertility depends upon the maintenance of particular genes within the population, it becomes not merely a property of particular mating systems, but a property of the population as a whole.
In the conclusion to his review on prenatal mortality in farm animals, Hanly (1961) writes as follows: "The literature reviewed indicates clearly that the knowledge of the causation of the death of the fertilized ovum and embryo remains incomplete. While numerous factors have been shown to influence embryonic death either by increasing or decreasing it, there is no factor or combination of factors so far investigated, whose control has eliminated it in a group or population of animals. This residual embryonic death, which appears to be relatively constant in amount, particularly in the bovine animal, would seem to have to be accounted for by a more universally active factor than any of those so far investigated." The main purpose of this essay is to suggest the probable nature of this "universally active factor".
